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1. Introduction 
Epidermal growth factor (EGF) receptor (EGFR), also known as HER1 or ErbB1, is the 
prototypal member of the superfamily of receptors with intrinsic tyrosine kinase activity 
and is widely expressed in many cell types including epithelial and mesenchymal lineages 
[1, 2]. The other three members of the ErbB receptor family include Her2/ErbB2/neu [3, 4], 
Her3/ErbB3 [5] and Her4/ErbB4 [6] (Fig. 1A). EGFR is a 170 kDa membrane glycoprotein 
composed of three domains. The heavily glycosylated 622-amino acid extracellular domain 
containing two cysteine rich regions is responsible for ligand binding. The transmembrane 
domain is a single 23-amino acid α-helical transmembrane peptide. The 542-residue 
intracellular cytoplasmic domain contains a 250-amino acid conserved protein tyrosine 
kinase core followed by a 229-amino acid C-terminal tail with regulatory tyrosine residues 
(Fig. 1B) [7]. Eleven ligands have been identified for ErbB receptors. These ligands can be 
classified into three groups based on their ability to bind to different ErbB receptors. The 
first group of ligands includes EGF, transforming growth factor-α, amphiregulin and epgen, 
which specifically binds to EGFR. The second group of ligands includes betacellulin, 
heparin-binding EGF and epiregulin, which binds to both EGFR and ErbB4. The third group 
of ligands includes neuregulin/heregulin, which binds to ErbB3 and ErbB4 [8, 9] (Fig. 1A). 
The EGFR family of receptor tyrosine kinases lies at the head of a complex signal 
transduction cascade that modulates cell proliferation, survival, adhesion, migration and 
differentiation [1, 2, 10]. While growth factor-induced EGFR signalling is essential for many 
normal morphogenic processes and is involved in numerous additional cellular responses, 
the aberrant activity of the members of this receptor family has been shown to play a key 
role in the development and growth of tumour cells [10-12]. The ErbB receptors were first 
implicated in cancer when the avian erythroblastosis tumor virus was found to encode an 
 
Molecular Regulation of Endocytosis 302 
aberrant form of EGFR. Now, EGFR has been implicated in many cancers including 
squamous cell head and neck cancer, colorectal cancer, non-small cell lung cancer, gastric 
cancer, pancreatic cancer, breast cancer, ovarian cancer, renal cancer, glimas prostatic cancer 
and cervical cancer [13]. The dysregulation of ErbB receptor signalling in cancer can occur 
by various mechanisms, including overexpression due to gene amplification, autocrine 
ligand production, heterodimerization, deficiency in endocytosis, and gene mutations that 
increase receptor transcription, translation, protein stability and kinase activity[14, 15].  
 
Figure 1. ErbB receptor family. (A) ErbB receptors and their ligands. ErbB family receptors are 
composed of four members: EGFR/ErbB1/Her1, ErbB2/Her2/neu, ErbB3/Her3 and ErbB4/Her4. Eleven 
ligands are identified for ErbB family receptors. (B) Linear structure of EGFR.  
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The binding of EGF at the cell surface induces dimerization of EGFR, which results in the 
activation of EGFR tyrosine kinase and receptor trans-autophosphorylation [16, 17]. EGFR 
activation stimulates various signaling pathways, leading to cell mitogenesis and survival [9, 
10]. EGFR is overexpressed or hyper activated in many epithelial tumors and plays important 
roles in cancer development and progression [12]. The activated receptors are rapidly 
internalized into endosomes and eventually degraded in lysosomes [18]. Initially, the 
endocytosis of ligand-activated receptors was considered a mechanism to attenuate signaling. 
Recently, more evidence suggests that the internalized receptors may maintain their ability to 
generate cell signaling in endosomes [19-23]. Thus, the alteration of EGFR endocytosis may 
result in abnormal cell signaling, leading to cancer. On the other hand, EGFR endocytosis is 
firmly regulated by signal recognition and various signaling proteins at every step. 
2. EGFR-mediated cell signaling 
EGFR plays important roles in initiating cell signaling to produce specific effects on cell 
growth and development [9, 10]. EGFR is activated through the homodimerization or 
heterodimerization with other ErbBs such as ErbB2 and ErbB3 in response to ligand 
stimulation (Fig. 2)[2]. The dimerization of EGFR at the plasma membrane induces the 
activation of the EGFR tyrosine kinase and trans-autophosphorylation. The sites of tyrosine 
phosphorylation in the activated EGFR form signaling complexes with many signaling 
proteins, including Grb2, Shc, phospholipase C-γ1 (PLC-γ1), the p85α subunit of PI3K (p85), 
p120 rasGAP, Src, Stats, and Cbl [2, 24-26] [2]. The formation of the receptor-signaling protein 
complexes then initiates the activation of various signaling pathways (Fig. 3A)[9-11, 27-29].  
 
Figure 2. Dimerization of EGFR and the association with signaling proteins. EGFR is homodimerized or 
heterodimerized with other ErbB proteins in response to ligand.  
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Figure 3. Signaling pathways activated by EGFR. (A) Binding of EGF to EGFR at the plasma membrane 
initiate the activation of various signaling pathways. The well-defined pathways include Ras-Erk 
pathway, PI3K-Akt pathway, PLC-γ1 pathway, Stat pathway and Src pathway. (B)The signaling 
cascade of Ras-Erk pathway. (C) The signaling cascade of PLC-γ1 pathway. (D) The signaling cascade of 
PI3K-Akt pathway. 
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The activated EGFR interacts with Shc and Grb2 through multiple phosphorylated tyrosine 
(pY) residues localized at the C-terminus, which results in the recruitment of Sos to the 
plasma membrane to activate Ras. Activated Ras mediates Raf activation, which then 
phosphorylates and activates MEK. Activated MEK then phosphorylates and activates ERK. 
Activated ERK phosphorylates Rsk, which in turn translocates into the nucleus to activate 
transcription factors such as c-fos and SRF. Activated ERK may also translocate into the 
nucleus to activate transcription factors such as Elk1 and c-fos, which is critical in 
controlling cell mitogenesis (Fig. 3B) [2, 24, 30-34]. 
Activated EGFR also interacts with PLC-γ1 with multiple pY residues at the C-terminal 
regulatory domain, which results in the phosphorylation of PLC-γ1 and an increase in its 
enzymatic activity [35-37]. Active PLC-γ1 hydrolyzes phosphatidylinositol 4, 5-
bisphosphate (PtdIns(4,5)P2) to form the second messengers inositol 1, 4, 5-triphosphate 
(InsP3) and diacylglycerol (DAG). InsP3 and DAG mobilize intracellular calcium and activate 
protein kinase C (PKC), respectively. Recent studies have shown that PLC-γ1 is involved in 
broad cell signaling. Interestingly, most recently identified interactions between PLC-γ1 and 
its binding proteins are mediated by its SH3 domain. EGF stimulates the interaction 
between PLC-γ1 and PLD2, which is mediated by the PLC-γ1 SH3 domain [38]. PLC-γ1 
binds directly to Akt in response to EGF through its SH3 domain [39]. The PLC-γ1 SH3 
domain acts as a guanine nucleotide exchange factor (GEF) for PIKE [40], dynamin [41] and 
Rac1 [42]. The activated PLC-γ1 regulates cell mitogenesis and migration (Fig. 3C)[39, 42-
44].  
Activated EGFR also activates PI3K either through its direct interaction with the p85α 
subunit or through the activated Ras [45, 46]. Activated PI3K then catalyzes the production 
of the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) by phosphorylating 
phosphatidylinositol-4,5-bisphosphate (PIP2). A direct antagonist of PI3K is the phosphatase 
and tensin homologue deleted on chromosome 10 (PTEN). PTEN dephosphorylates PIP3 
into PIP2 to reverse the activity of PI3K and therefore function as an important negative 
controlling element of incoming signals. PIP3 transduces activating signals by binding to 
pleckstrin homology (PH) domains of proteins to recruit them to the cell membrane. One 
centrally important downstream mediator of the PI3K signalling cascade is the serine 
threonine (Thr) kinase Akt. Akt is recruited to the plasma membrane by its SH3 domain 
interaction with PIP3, which exposes Akt Thr 308 for phosphorylation by 3-
phosphoinositide-dependent kinase 1 (PDK-1), which is already located at the membrane. 
The rapamycin complex 2 (mTORC2) phosphorylates Ser 473 in the C-terminus, which leads 
to full Akt activation. Activated Akt then mediates signals promoting cellular growth and 
survival and suppresses pro-apoptotic signals. Akt phosphorylates several intracellular 
proteins, including forkhead box O transcription factors (FoxO), the BCL2-associated 
agonist of cell death (BAD), and the glycogen synthase kinase 3 (GSK3), to promote cell 
cycle entry and cell survival. The proteins TSC1 (Hamartin) and TSC2 (Tuberin) form a 
complex that inhibits the activity of the small G-protein ras homologue enriched in the brain 
(Rheb), which is necessary for mTORC1 activation. The Akt-mediated phosphorylation of 
TSC2 releases Rheb from its inhibited state. Rheb then accumulates in a GTP-bound state 
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and can directly activate mTORC1, which phosphorylates the p70S6 kinase (S6K1) and the 
eukaryotic translation initiation factor 4E binding protein 1 (4EBP1), leading to increased 
protein translation (Fig. 3D), which protects the cell from undergoing apoptosis [45, 47, 48].  
Activated EGFR also activate Stats directly by binding to and phosphorylating Stats, or 
indirectly by activating c-Src. Activation can occur via cytokine signaling (IL-6), growth 
factor receptor signaling (EGFR), or non-receptor tyrosine kinase signaling (Src). JAK is not 
required when Stats bind directly to EGFR for activation, but JAK provides maximal 
activation of Stats phosphorylated by EGFR-activated Src. Grb2 and SOCS can inhibit Stat-
mediated EGFR signaling respectively, by either binding to the STAT activation site on 
EGFR or by binding to JAK to suppress Src activation of Stats. Once activated, Stats 
dimerize and translocate to the nucleus where they activate the transcription of genes 
involved in proliferation, differentiation, and survival [49].  
Importantly, Src kinases, which have been reported to be activated in many cancers with 
high EGFR levels, have been shown to potentiate EGFR signaling [50-52]. The c-Src 
potentiation of EGFR has been demonstrated to be associated with the c-Src-dependent 
phosphorylation of EGFR and the complex formation between c-Src and EGFR [50, 51]. In 
addition to focal adhesion kinase (FAK), which is involved in the regulation of adhesion and 
migration, PI3K and Stat3 are also substrates for c-Src [53]. Although the Src kinase has been 
linked with the development and progression of cancer for many years, we still do not 
completely understand its role in cancer [54]. Src is a member of a ten-gene family (FYN, 
YES, BLK,FRK, FGR, HCK, LCK LYN, and SRMS) of non-RTKs that play a fundamental role 
in the regulation of cell proliferation, migration, adhesion, and tumor angiogenesis [55, 56]. 
Src signaling is cross-connected with many signaling pathways, such as the PI3K and Stat 
pathway [55, 56]. Even though tyrosine kinase activity of Src is independent of RTK 
signaling, it may interact with RTKs such as EGFR. As such, Src-EGFR interaction may 
enhance EGFR signaling, and on the other hand it may be involved in resistance to EGFR-
targeted therapy [54, 57]. 
3. EGFR-mediated endocytosis 
3.1. Clathrin-dependent and clathrin-independent endocytic pathways 
The concept of receptor-mediated endocytosis was formulated in 1974 to explain how the 
sequential cell surface binding, internalization, and intracellular degradation of plasma low 
density lipoprotein (LDL) regulates cellular cholesterol metabolism [58]. Receptor-mediated 
endocytosis is a multiple step event [58]. In general, receptor-mediated endocytosis consists 
of two stages: internalization and intracellular trafficking. Endocytic pathways are generally 
classified as either clathrin-dependent or clathrin-independent. Much work has focused on 
clathrin-mediated endocytosis (CME). In this process, cargo proteins are recruited into 
developing clathrin-coated pits (CCPs), and subsequently form clathrin-coated vesicles 
(CCVs) [59]. Several proteins or protein complexes, including clathrin, adaptin AP-2, 
dynamin and Eps15, participate in the CME of all receptors. Adaptin AP-2 is a cytoplasmic 
protein complex that interacts with the cytoplasmic tails of various receptors. These 
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interactions are thought to account for the ability of cells to selectively direct receptors to 
CCVs. Clathrin is ideally designed to form a scaffold which, when attached to the 
membrane, causes the membrane to deform into a budding vesicle. Clathrin presumably 
binds to the membrane by interacting with membrane-bound AP-2. Dynamin has been 
identified as a major player in the endocytic pathway and is essential for the scission of 
coated vesicles. Eps15 is an essential component of the early endocytic pathway [59-61].  
Although CME is certainly an extremely important endocytic mechanism, accounting for a 
large proportion of endocytic events, an ever expanding array of cargos has been shown to 
undergo non-clathrin-mediated endocytosis (NCE) [62]. Many NCE pathways have been 
reported, including caveolar-type endocytosis, CLIC/GEEC-type endocytosis, the putative 
flotillin-associated endocytic structures, phagocytosis, macropinocytosis, dorsal ruffles (or 
waves), and entosis [62, 63]. Caveolar-type endocytosis is the best studied NCE.  
3.2. Endocytic and sorting signals 
The targeting of transmembrane proteins to different compartments of the endocytic 
pathways is largely dependent upon sorting signals contained within the cytoplasmic 
domains of the proteins [64-66]. Most of these sorting signals are short, linear sequences of 
amino acid residues. These signals can be classified to two groups. One group of signals is 
referred to as tyrosine-based sorting signals and the other group of signals is known as 
dileucine-based signals. All of these signals are recognized by components of protein coats 
peripherally associated with the cytosolic face of membranes [66]. 
Tyrosine-based signals constitute a family of degenerate motifs minimally defined by the 
presence of a critical tyrosine residue [66]. Most tyrosine-based signals conform to the 
consensus motifs YXXΦ (Y is tyrosine, X is any amino acid and Φ is an amino acid with a 
bulky hydrophobic side chain) [67] or NPXY (N is asparagine and P is proline) [68-71]. It 
was shown by several groups that the substitution of tyrosine residues in the cytosolic 
domains of various endocytic receptors devoid of NPXY motifs impaired internalization [72-
77]. NPXY signals have been shown to mediate only the rapid internalization of a subset of 
type I integral membrane proteins, and not mediate other intracellular sorting events. The 
interaction between NPXY motif and endocytic protein is less understood. However, several 
proteins, including clathrin, AP-2, and Dab2, have been proposed to function as recognition 
proteins for NPXY signals. There are several NPXY motifs located in the EGFR C-terminus 
[78]. Systematic mutational analyses led to the identification of another tyrosine-based 
motif, YXXΦ, as the major determinant of endocytosis of the mannose 6-phosphate as well 
as many other transmembrane proteins [67, 78, 79]. In mammalian cells, virtually all YXXΦ 
signals mediate rapid internalization from the cell surface. Some YXXΦ signals can 
additionally mediate lysosomal targeting [64-66]. Recent evidence suggests that the µ2 
subunit of AP2 directly interacts with YXXΦ to mediate rapid internalization [80-83].  
Di-leucine-based sorting signals have been implicated in various sorting process [78]. Two 
classes of di-leucine-based sorting motifs have been distinguished. [DE]XXXL[LI] signals 
play critical roles in the sorting of many type I, type II and multispanning transmembrane 
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proteins. The [DE]XXXL[LI] signals in mammalian proteins mediate rapid internalization 
and target the proteins to endosomal-lysosomal compartments, suggesting that they can be 
recognized both at the plasma membrane and at intracellular locations. [DE]XXXL[LI] 
signals are recognized by the adaptor protein (AP) complexes. DXXLL signals are present in 
several transmembrane receptors and other proteins that cycle between the TGN and 
endosomes. DXXLL signals are recognized by another family of adaptors known as GGAs. 
Ubiquitination of cytosolic lysine residues constitutes another important signal for sorting 
transmembrane receptors at various stages of the endosomal-lysosomal system. Ubiquitin is 
a globular protein consisting of 76 amino acids that is able to covalently conjugate to other 
proteins [84]. Ubiquitin is covalently conjugated to proteins by forming a bond between the 
carboxy-terminal glycine of ubiquitin and the ε-NH2 group of a lysine residue in the 
substrate protein. Alternatively, ubiquitin can be conjugated to the α-NH2 group of the N-
terminal amino acid of the substrate [85, 86]. Conjugated ubiquitin is recognized by UIM, 
UBA, or UBC domains present within many components of the internalization and 
lysosomal targeting machinery. It has been shown that EGFR is ubiquitinated in response to 
EGF, which plays an important role in EGFR degradation in lysosomes. The presence of 
these various type of sorting signals within the transmembrane receptors and their 
interaction with the signal recognition proteins ensures the dynamic but accurate 
distribution of transmembrane proteins to different compartments along the endocytic 
pathways. 
3.3. Endocytosis of EGFR 
The first comprehensive study of EGF endocytosis, in which many of the key concepts of 
internalization and lysosomal degradation of EGF have been established, was published by 
Carpenter and Cohen [87]. The binding of EGF results in the clustering and internalization 
of EGFR. The accumulation of EGF and EGFR can be detected in the early endosome after 1-
5 min of incubation with EGF at 37oC. EGF and EGFR accumulate in late endosomes after 
10-20 min at 37oC. A substantial number of EGFR can be detected in organelles with typical 
biochemical and morphological features of mature lysosomes only after 40-60 min of 
continuous internalization at 37oC [16, 88]. Intracellular trafficking of receptors involves a 
series of membrane budding and fusion events [89]. Endosome fusion is regulated by 
specific cytosolic and membrane-associated protein factors, including a group of Ras-like 
small guanosine triphosphatases (GTPases) called Rabs [90-92]. Four classes of endocytic 
organelles are typically distinguished based largely on their relative kinetics of labeling by 
endocytic tracers: early endosomes (EEs), late endosomes (LEs), recycling vesicles (RVs), 
and lysosomes [65]. The precise relationship among these structures has yet to be 
determined, and in fact may never be known because of the great plasticity and dynamics of 
the system. 
The internalization of constitutively internalized receptors is largely mediated by sorting 
signals such as YXXΦ and NPXY. However, for the receptors that are internalized in 
response to ligand binding, there is likely some means of switching their sorting signals on 
and off [93]. Given that ligand binding is essential for the rapid internalization of EGFR, the 
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events induced by the ligand binding likely contribute to the regulation of ligand-induced 
EGFR internalization. These events include receptor dimerization, activation of intrinsic 
tyrosine kinase activity, autophosphorylation and association with various binding proteins.  
The initial results are very controversial regarding the role of EGFR kinase activity in EGFR 
internalization. Data from some research groups suggest that kinase-dead EGFR is deficient 
in EGF-induced internalization [94, 95]; however, data from other research groups suggest 
that kinase-dead EGFR is internalized normally like wild type EGFR, but is quickly recycled 
back to the plasma membrane [96, 97]. Since the mid 1990s, most studies suggest that EGFR 
kinase activity is required for EGF-induced EGFR internalization. It was reported that EGFR 
kinase activation is required for the recruitment of EGFR into coated pits [98]. The EGFR 
activation of c-Src tyrosine kinase has been implicated in the regulation of the clathrin-
dependent endocytosis of EGFR through the ability to phosphorylate clathrin heavy chain 
[99]. The EGFR activation of Eps15 has been shown to be required for the internalization of 
EGFR [100]. The inhibition of EGFR kinase activity by AG1478 and PD158780 was shown to 
block EGFR internalization [101, 102].  
While most studies indicate that EGFR kinase activity is essential for EGF-induced EGFR 
internalization [94, 95, 98-102], it was shown recently that EGFR kinase activity is not 
required for EGF-induced EGFR internalization [103-107]. Inhibition of EGFR kinase 
activation by the specific inhibitor AG1478 and PD158780 in BT20, MDCK, Cos7 and Hela 
cells did not block EGFR internalization. When transiently expressed in 293T cells or stably 
expressed in CHO cells, a kinase-dead EGFR (EGFR K721A), was internalized following 
EGF stimulation in a similar pattern to wild type EGFR, which indicates that EGFR kinase 
activation is not required for EGFR internalization [103-107].  
If kinase activity is not necessary for EGF-induced EGFR endocytosis, an EGF-induced event 
before or independent of EGF-induced EGFR kinase activation must be responsible for 
mediating EGF-induced EGFR endocytosis. The only significant event induced by EGF 
before the activation of EGFR kinase is the dimerization of EGFR. It is well established that 
receptor dimerization is critical for EGFR kinase activation [108]. In fact, it is generally 
believed that the only function of receptor dimerization is to allow the activation of EGFR 
kinase and the trans-autophosphoylation of the two receptors. However, it was shown 
recently that EGFR dimerization is necessary and sufficient to stimulate EGFR 
internalization, independent of EGFR kinase activation [105]. EGF-induced EGFR 
dimerization in the absence of kinase activation is sufficient to stimulate EGFR 
internalization. Non-ligand-induced dimerization of EGFR without kinase activation is 
sufficient to stimulate EGFR internalization. Moreover, the inhibition of EGF-induced EGFR 
dimerization by deleting the receptor dimerization loop abolishes EGF-induced EGFR 
internalization [105]. It has also been reported that the crosslinking of two EGFR with 
antibody stimulates the endocytosis of EGFR without activating EGFR kinase [109]. How 
dimerization may mediate EGFR endocytosis independent of its role in EGFR kinase 
activation is not known. Several possibilities have been suggested. It is possible that EGF-
induced EGFR dimerization causes necessary conformational changes of the receptor to 
expose the cryptic internalization codes. Alternatively, the internalization regulating 
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proteins essential for EGFR internalization may have a dimeric nature and can only bind to 
dimerized EGFR [105].  
Many studies have also focused on the role of EGFR C-terminus in EGFR internalization 
(Fig. 4). The EGFR mutants truncated from the C-terminus to residue 991 [110] or to residue 
973 [111] are internalized inefficiently and the mutant truncated at residue 958 is not 
internalized [110]. Simultaneous point mutation of the five-tyrosine residues (Y992, Y1068, Y 
1086, Y1148 and Y1173) to phenylalanines significantly reduces EGFR internalization [112]. 
EGFR is co-immunoprecipitated with adaptin AP-2 [88]. The binding between EGFR and 
AP-2 is mediated by EGFR amino acid residues 970-991, especially Y974 [113, 114]. This 
interaction accelerates EGFR internalization when EGFR is expressed at high levels, but is 
not required for EGFR internalization when EGFR is expressed at low levels [83, 113, 114]. A 
15-amino acid domain (residues 943-957) was found to be essential for binding sorting 
nexin-1 (SNX1) which is involved in targeting EGFR to lysosome [115], but not EGFR 
internalization. It was shown that the EGFR C-terminal sequences from 992 to 1044 are 
essential for mediating EGF-induced EGFR internalization with or without the inhibition of 
EGFR kinase activation [105]. It was further shown that EGFR residues 1005-1017, especially 
the di-leucine 1010LL1011 is required for EGF induced rapid internalization of full length EGFR 
and the role of 1010LL1011 in EGFR internalization is independent of EGFR kinase activation 
[106]. The identification of 1010LL1011 as essential for EGFR internalization is very interesting. 
EGFR di-leucine motif 1010LL1011 proceeded with TSRTP, which is different from the two 
classes of di-leucine-based sorting signals described above. Two di-leucine motifs including 
679LL680 and 1010LL1011 have been implicated in EGFR sorting. It was reported that 679LL680 is 
required for the efficient transport of EGFR to lysosomes and for the retention of EGFR in 
endosomes [116, 117]. It was also shown that 1010LL1011 is critical in the tyrosine 
phosphorylation of β2 subunit of clathrin adaptor complex AP-2 and is required for EGFR 
degradation [118]. The only data suggesting a possible role of 1010LL1011 in EGFR endocytosis 
is that it regulates the slow endocytosis of a mutant EGFR truncated at amino acid 1022 
[119]. However, other data from the same group showed that 1010LL1011 is not involved in the 
endocytosis of full length EGFR [118, 119].  
The role of various EGFR binding proteins in EGFR endocytosis has also been extensively 
studied. Some proteins that bind to pY sites of EGFR have also been implicated in EGFR 
endocytosis. These proteins including Grb2, Eps15, PLD, Cbl, Rin1, and Src [41, 99, 100, 119-
123]. Grb2 regulates EGFR endocytosis, possibly through its SH3 domain interaction with 
dynamin [120]. Knocking-down Grb2 with siRNA also blocks EGFR endocytosis [119, 124]. 
EGF receptor endocytosis is dependent upon PLD and the PLD1 regulators, protein kinase 
C alpha and RalA [125]. Tyrosine phosphorylation of Eps15 is necessary for the 
internalization of EGFR [100]. Eps15 functions as a scaffolding adaptor protein and is 
involved in both secretion and endocytosis. Eps15 has been shown to bind to AP-1 and AP-2 
complexes, to inositol lipids, and to several other proteins involved in the regulation of 
intracellular trafficking [126]. Phosphorylation of clathrin heavy chain by Src facilitates 
EGFR endocytosis [99]. Rin1 binds to EGFR and regulates EGFR endocytosis through its 
SH2 domain [123]. Although it is generally agreed that Cbl acts to negatively regulate EGFR 
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activity by promoting the intracellular trafficking and degradation of EGFR, it is still 
disputed whether Cbl binding or Cbl-mediated ubiquitination is altogether required for 
ligand-induced EGFR endocytosis [122, 127]. Some recent data indicate that Cbl-mediated 
ubiquitin of EGFR is not required for EGFR endocytosis [127, 128]. While PI3K is required 
for β-PDGFR endocytosis and down-regulation [129-131], PI3K activity is not required for 
EGFR endocytosis [132].  
 
Figure 4. Internalization and sorting signals within EGFR intracellular domain. 
Strong evidence suggests that CME is the major pathway of EGFR endocytosis. EGF and 
EGFR are found concentrated in CCP and CCV. EGFR endocytosed with a rate similar to 
those of other receptors that are internalized by CME, such as LDL and transferrin (Tfn). 
Knockdown of clathrin heavy chain or dynamin by RNA interference (RNAi) inhibits EGFR 
endocytosis [18]. Although CME is certainly an extremely important endocytic mechanism, 
accounting for a large proportion of endocytic events, an ever expanding array of cargos has 
been show to undergo endocytosis in clathrin-independent manner [62, 133]. Clathrin-
independent endocytosis itself has been further dissected into seemingly distinct pathways, 
based on the reliance of these pathways on certain proteins and lipids, their differential drug 
sensitivities and their abilities to internalize particular cargos [134]. Many NCE pathways 
have been reported including caveolar-type endocytosis, CLIC/GEEC-type endocytosis, the 
putative flotillin-associated endocytic structures, phagocytosis, macropinocytosis, dorsal 
ruffles (or waves), and entosis [62, 63]. New evidence suggests that EGF-induced EGFR 
endocytosis may also be mediated by NCE. NCE of EGFR via dorsal waves was observed in 
several types of cells [135]. This pathway required the activity of the EGFR kinase, PI3K and 
dynamin [135]. The NCE of EGFR involving cholesterol-rich lipid rafts and/or caveolar has 
also been reported [136]. This cholesterol-dependent endocytosis was observed under 
conditions of high EGFR occupancy by EGF in Hela cells. All of the reported NCE pathways 
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are significantly slower than CME, although they are faster than constitutive receptor 
endocytosis [18].  
4. Regulation of EGFR signalling by endocytosis 
Endocytosis is essential for cells to perceive extracellular signals and transduce them in a 
temporally and spatially controlled fashion, directly influencing not only the duration and 
intensity of the signaling output, but also their correct location. It is well established that the 
endocytosis of EGFR from the plasma membrane to lysosomes results in the degradation of 
the receptor, which can attenuate receptor signaling and may even be conceived of as a 
tumor suppressor pathway [19]. On the other hand, accumulated evidence suggests that the 
internalized EGF-EGFR complex may maintain its ability to generate cell signaling from 
endosomes [19-23].  
4.1. Downregulation of EGFR by endocytosis 
Endocytosis has been recognized as the most significant pathway to downregulate EGFR by 
removing the receptor from the cell surface for degradation in lysosomes [137]. This 
downregulation of EGFR is a complicated and tightly regulated process. During this process 
the EGFR-containing internalized vesicles mature into multivesicular bodies (MVBs), which 
then fuse with lysosomes to allow degradation of their content. This was first shown by 
Cohen and his colleagues, who observed that ferritin-conjugated EGF was rapidly 
internalized upon binding to EGFR and trafficked to MVBs within 15 minutes exposure of 
cells to ligand [87, 138]. The impaired endocytic downregulation of signaling receptors is 
frequently associated with cancer, since it can lead to increased and uncontrolled receptor 
signaling [139].  
The role of endocytosis in the downregulation of EGFR signalling is best illustrated by the 
findings that the inhibition of EGFR endocytosis frequently leads to cancer. The best 
characterized EGFR mutant with impaired endocytosis is EGFRvIII. EGFRvIII has been 
implicated in many types of tumors [140-145]. EGFRvIII is a mutant EGFR with the deletion 
of amino acid residues 6–273 in the extracellular domain of EGFR. This results a truncated 
145 kDa receptor with a non-functional ligand binding pocket and no dimerization arm. In 
spite of not binding any ligands, the receptor is constitutively active [146], and is able to 
activate Ras-Erk1/2 and PI 3-kinase-Akt pathways [142, 147]. In concordance with this, 
EGFRvIII was shown to transform fibroblasts and to enhance the proliferation and/or 
tumorigenicity of cells both in vivo and in vitro [142, 148-152]. The constitutive activity may 
be important for tumorigenicity, but impaired downregulation certainly enhances the effect. 
Two recent reports show that EGFRvIII is not degraded in cells with endogenous levels of 
Cbl, instead, internalized EGFRvIII is recycled back to the plasma membrane [153].  
It is generally accepted that ErbB2 avoids efficient endocytic downregulation [154-158], 
which contributes to its important role in the development of various cancers [2, 10]. As 
ErbB2 and the EGFR-ErbB2 heterodimers are impaired in EGF-induced endocytosis [158], 
EGFR-mediated cell signaling are significantly sustained in the cells with overexpressed 
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ErbB2 due to the formation of EGFR-ErbB2 heterodimers. EGFR signaling can also be 
sustained if the molecular machinery normally involved in receptor downregulation does 
not function optimally. Indeed, several mutations of such proteins have been found in 
tumors, including Cbl, TSG101 (an ESCRT-I subunit), and VPS25 (an ESCRT-II subunit) 
(recently reviewed in [159]. In conclusion, endocytic impairment may be a returning theme 
of oncogenic EGFR mutants.  
The role of endocytosis in the downregulation of EGFR signalling is also frequently and 
successfully explored as a therapy for cancer. Since the lack of endocytic downregulation is 
an emerging theme in ErbB cancer biology, it is evident that the stimulation of ErbB 
endocytosis and lysosomal degradation is an attractive means to inhibit tumor growth. 
Polyvalent antibodies have been developed to stimulate EGFR and other ErbB endocytosis 
by crosslinking the receptors together [156, 160]. One good example is trastuzumab 
(Herceptin). Trastuzumab is a humanized recombinant mAb that binds to the extracellular 
domain of ErbB2 protein [161, 162]. Currently, it is the only ErbB2-targetted therapy 
approved by FDA for metastatic breast cancer treatment [163]. Although several recent 
studies suggest that Trastuzumab does not induce the endocytosis of ErbB2 to a significant 
degree [154, 156, 157], the dominating opinion has been that Trastuzumab causes endocytic 
downregulation of ErbB2 [2, 164-166]. 
Cetuximab is an antibody targeting EGFR that is currently used in treatment of colorectal 
cancer and head and neck cancer [167]. Several studies have shown that Cetuximab induces 
the internalization of EGFR [109, 168]. Cetuximab-induced EGFR internalization is 
independent of receptor tyrosine kinase activity, and it is both slower and less efficient in 
terms of receptor downregulation than ligand-induced endocytosis [109]. At present, the 
knowledge of mechanisms underlying antibody-mediated endocytic downregulation is 
relatively sparse. A useful observation is that extensive antibody-based crosslinking of ErbB 
receptors is far more efficient at inducing ErbB endocytic downregulation than single 
antibodies are [156, 160]. Crosslinking can either be done using antibodies that form 
multivalent aggregates via secondary antibodies or gold particles (Hommelgaard2004}, or 
by a more clinically relevant approach using combinations of monoclonal antibodies against 
distinct epitopes in an ErbB receptor [160]. Thus, whereas the administration of 
Trastuzumab alone did not induce significant ErbB2 endocytosis, the combination of 
Trastuzumab with another monoclonal antibody to ErbB2 was very efficient at 
downregulating ErbB2. In addition, the combination of two antibodies was much more 
efficient at inhibiting tumor growth in a mouse model compared to Trastuzumab 
administered alone [160, 166]. 
Although the endocytic downregulation of EGFR has been mostly attributed to clathrin-
dependent endocytosis [18], other endocytic pathways have also been proposed during 
recent years, especially following stimulation with high concentrations of EGF [136]. The 
concentration of EGF varies greatly throughout the human body. The EGF concentration in 
most tissue fluid is about 1–2 ng/ml, but it is much higher, up to 100 ng/ml or more, in 
tubular duct lumens of kidney, salivary glands, and the mammary gland [87, 169]. 
Normally, EGFR is not reached by the high luminal concentrations of EGF in these systems, 
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since the receptor is present at the basolateral site of the epithelial cells. However, during 
wound healing or malignant transformation, the tight junctions disappear and allow the 
high concentrations of EGF to access the receptor [170]. Very high EGF concentration can 
also be found in solid tumors [171]. It was reported that at high concentrations of EGF (20 
ng/ml) the receptor became ubiquitinated and was to a high degree internalized by caveolae 
[136]. Incubation of epithelial cells with 30 ng/ml of EGF for 5–20 min resulted in an eight to 
tenfold increase in the number of plasma membrane caveolae due to EGF-induced tyrosine 
phosphorylation of caveolin-1 [172]. Moreover, live cell imaging revealed increased 
dynamics of green fluorescent protein (GFP)-tagged caveolin upon stimulation of cells with 
30 ng/ml EGF. Thus, some studies suggest a role of caveolae in EGFR endocytosis. More 
interesting, it was further revealed by Sigismund et al that EGFRs internalized via CME are 
not targeted for degradation, but instead are recycled to the cell surface. By contrast, 
clathrin-independent internalization preferentially commits the receptor to degradation 
[173]. A prior study has shown that TGFβ receptor is internalized by two distinct endocytic 
pathways, clathrin-mediated endocytosis leading to TGFβ receptor signaling and lipid-raft-
mediated endocytosis leading to the degradation of TGFβ receptor [174]. 
4.2. Signalling endosomes 
The concept of EGFR signalling from endosomes or "signalling endosomes" has been 
gradually developed. Early evidence to support signalling from endosomes was reported in 
middle to late 1980s. These researches showed that internalized EGFR is 
autophosphorylated and catalytically active [175-177]. Various signaling molecules that 
regulate Ras activity, including Grb2, SHC, Sos and GAP, are co-internalized with EGFR 
into endosomes and remain associated with the receptor in endosomes [20, 178-181]. 
Afterwards, more results confirmed the interaction between EGFR and various signaling 
proteins in endosomes [182-186].  
The major evidence supporting endosomal EGFR signalling came from endocytosis 
inhibition experiments. Since the mid 1990s, researchers have developed many ways to 
inhibit EGFR endocytosis and then examine the effects on cell signalling. These experiments 
have yielded mixed results regarding what signalling pathways activated by endosomal 
EGFR and the physiological relevance of EGFR signaling from endosomes. The inhibition of 
EGFR endocytosis by a dominant-negative mutant dynamin enhances the activation of PLC-
γ1 and cell proliferation, but decreases ERK activation [187]. In a study of EGFR 
transactivation by G-protein coupled receptors, it was found that the inhibition of EGFR 
endocytosis by either mutant dynamin or β-arrestin abolished ERK activation [188, 189]. The 
inhibition of EGFR endocytosis by phospholipase D also blocks EGF stimulated-ERK 
activation [125]. However, none of these researches provided a mechanism to explain why 
activated EGFR at the plasma membrane is unable to activate ERK. On the other hand, other 
research showed that the inhibition of EGFR internalization enhances ERK activation [190, 
191]. EGFR efficiently activates mitogen-activated protein kinase in HeLa cells and Hep2 
cells, which is conditionally defective in clathrin-dependent endocytosis by overexpressing 
dominant negative dynamin [191]. Sprouty2 attenuates EGFR ubiquitination and 
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endocytosis, and consequently enhances Ras/ERK signalling [190]. Initially, in the few cases 
where biological end points were measured, inhibition of endocytosis did not result in the 
attenuation of biological effects [187, 192]. These results argue against a physiological 
relevance of endosome-originated signals [193].  
The controversy over endosomal signaling and its physiological relevance is in part due to 
the limitation of current approaches. For example, while it has made significant contribution 
and remains a powerful tool to study endosomal signaling, this endocytosis-inhibition 
approach has its limitations. While the inhibition of EGFR endocytosis eliminates endosomal 
signaling, the retention of EGFR at the cell surface also enhances signaling from the plasma 
membrane. Thus, it is difficult to determine whether the observed effects are due to the lack 
of endosomal signaling or due to prolonged plasma membrane signaling. Blocking EGFR 
endocytosis by mutant dynamin or β-arrestin affects all endocytic events mediated by these 
factors. Thus, it is difficult to determine whether the observed effects are due to the 
inhibition of EGFR endosomal signaling or due to a broad inhibition of endocytosis. 
Moreover, this approach is not suitable for studying the dynamics of endosomal signaling. 
None of these approaches offered mean to get activated receptors inside a cell without initial 
activation at the cell surface [194] 
In the early 2000s, a novel system was established to allow the specific activation of 
endosome-associated EGFR without the initial activation at the plasma membrane and 
without disrupting the overall endocytosis pathway. To specifically activate endosomal 
EGFR, cells were treated with EGF in the presence of AG1478, a specific EGFR tyrosine 
kinase inhibitor, and monensin that blocks the recycling of EGFR. This treatment led to the 
internalization of inactive EGF-EGFR complex into endosomes. The endosome-associated 
EGFR was then activated by removing AG1478 and monensin. No surface EGFR 
phosphorylation was detected [103, 104]. The specific activation of endosome-associated 
EGFR was also achieved without using monensin[103, 104]. In this system EGFR follows the 
same endocytic pathway as the control: EGF receptor is first internalized into Rab5-positive 
endosomes and eventually traffics to lysosomes for degradation. The only difference is that 
the EGF receptor is not activated during its internalization from the plasma membrane to 
endosomes and stops at endosomes until being activated. Thus, this system not only allows 
the generation of specific endosomal signaling of EGFR, but also under a condition very 
similar to the endosomal signaling of EGFR following its activation at the plasma 
membrane. By using this system, it was shown that 1) endosomes can serve as a nucleation 
site for the formation of signaling complexes, 2) endosomal EGFR signaling is sufficient to 
activate the major signaling pathways leading to cell proliferation and survival, and 3) 
endosomal EGFR signaling is sufficient to suppress apoptosis induced by serum-withdrawal 
[103] and to stimulate cell proliferation [195].  
In most cases, the endosomal EGFR signaling is the continuation of EGFR signaling at the 
plasma membrane, serving to maintain EGFR signaling and provide spatial-temporal 
regulation of EGFR signaling. However, in some cases, specific and novel signaling may be 
initiated only from endosomes as these signaling events require factors to be brought 
together by endocytosis. While specific signaling complexes can be assembled through their 
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recruitment to the early endosomal resident protein RAB5, there are no convincing 
examples that specific and novel signaling is initiated from endosomes in the context of 
EGFR signaling. However, it is well illustrated in TGFβ signaling that specific and novel 
signaling may be initiated only from endosomes. TGFβ receptors (TGFβR) become 
phosphorylated at Ser residues and are internalized by endocytosis following ligand 
binding. Once localized into endosomes, TGFβR can bind to SMAD anchor for receptor 
activation (SARA). The protein complex induced phosphorylation of the transcription 
factors SMAD1 or SMAD2 by their Ser/Thr kinase receptors. Upon phosphorylation, SMADs 
are released into the cytoplasm, bind to a cofactor (SMAD4), enter the nucleus, and promote 
gene transcription [137, 174].  
Together, it is clear that EGFR signals from both the plasma membrane and the endosomes, 
and that the signals from both locations are able to activate major signaling pathways, 
stimulate cell proliferation, and promote cell survival. However, following EGF stimulation, 
activated EGF receptors only stay at the plasma membrane briefly (5-10 min), but stay in the 
endosome much longer (1 h) (Fig. 5) [88]. This argues for a more physiologically important 
role for endosomal signaling. The plasma membrane EGFR signaling are usually 
exaggerated by studies with the inhibition EGFR endocytosis, as activated EGFR that stay at 
the plasma membrane are artificially over extended. 
 
Figure 5. A model to describe the EGFR signaling along its endocytic route. Following its activation at 
the plasma membrane EGFR continues to signal along its endocytic route till its degradation in 
lysosome. EGFR signaling from both the plasma membrane and the intracellular endocytic 
compartment regulates major signaling pathways leading to cell proliferation and survival. The 
Activated EGFR may stay 1-5 minutes at the plasma membrane and 1 - 1.5 h along the endocytic 
compartments. PM: plasma membrane. CP: coated pit. CV: coated vesicle.  
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5. Remaining questions, perspectives and future research 
In spite of intensive research and significant progress, many important issues remain 
unsolved regarding EGFR endocytosis and its regulation of cell signaling. One issue is 
clathrin-mediated endocytosis vs non-clathrin-mediated endocytosis. Significant evidence 
supportting the presence of non-clathrin mediated endocytosis and EGFR also internalized 
through non-clathrin mediated endocytic pathways. However, the mechanisms dictating 
which endocytic pathways EGFR follows under various conditions are far from clear and 
the functions of these different endocytic pathways are not clear either. While a few recent 
researchers showed that EGFR undergoes non-clathrin mediated endocytosis at high EGF 
concentrations and leads to EGFR degradation [137], the extensive data that support the role 
of chathrin-mediate endocytosis in EGFR internalization and degradation in lysosomes in 
the past several decades are mostly obtained at high EGF concentrations. A recent study 
showed that during cell mitosis, EGFR follows non-clathrin mediated endocytic pathway 
under both low and high EGF concentrations [107], which suggest that EGF concentration is, 
at least, not the only factor dictating the entry of EGFR into different endocytic pathways. It 
is also difficult to explain why cells choose the much slower non-clathrin mediated 
endocytosis to degrade EGFR, because it provides the heavily phosphorylated EGFR too 
much time to signal before degradation.  
Another issue is the role of EGFR kinase activity in EGFR endocytosis. Both of the opposing 
claims that EGF-induced EGFR endocytosis is dependent on EGFR kinase activity and that it 
is independent of EGFR kinase activity are supported by many data. It is difficult to 
reconcile the differences in the literature. However, a recent piece of research may shed 
some light. It was recently reported that EGF-induced EGFR endocytosis is independent of 
EGFR kinase activity during interphase, but is dependent on EGFR kinase activity during 
mitosis [107]. During mitosis, EGF-induced EGFR endocytosis is slower and independent of 
clathrin [107]. As previous research never distinguished the cells at interphase from cells at 
mitosis and at any given time there is a portion of cells at mitosis, the reported results are 
always a combination of kinase-independent and kinase-dependent endocytosis. Depending 
on the cell type and experimental conditions, the data may vary significantly. Moreover, 
EGFR may also undergo both kinase-dependent and kinase independent endocytosis during 
interphase depending on the cell type and experimental conditions. It has been shown that 
antibody-induced EGFR endocytosis is independent of EGFR kinase activity [109]. Future 
research is needed to elucidate the molecular mechanisms underlying kinase-independent 
and kinase-dependent endocytic pathways.  
Last, but not least, the function and significance of EGFR signaling from endosome vs EGFR 
signaling from the plasma membrane provides room for further research. It is clear that 
EGFR signals from both the plasma membrane and the endosomes, and that the signals 
from both locations are able to activate major signaling pathways, stimulate cell 
proliferation, and promote cell survival. However, the extent of the difference between these 
two signals is unclear. So far, the results have come from either the comparison between 
endosomal signaling and standard EGFR signaling, or the comparison between plasma 
membrane signaling and standard EGFR signaling. A direct comparison between 
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endosomal EGFR signaling and the plasma membrane EGFR signaling is needed to define 
the functional difference and their physiological significance of these two signals. The 
spatio-temporal dynamics of EGFR signaling in controlling cell function has become a new 
focus of current research. EGFR signaling along the endocytic route from the plasma 
membrane to endosomes allows a vigorous regulation of spatio-temporal dynamics of EGFR 
signaling. 
Author details 
Zhixiang Wang 
Department of Medical Genetics, Signal Transduction Research Group,  
Faculty of Medicine and Dentistry, University of Alberta, Edmonton, AB, Canada 
6. References 
[1] Wells A. EGF receptor. International Journal of Biochemistry & Cell Biology 1999 
Jun;31(6):637-43. 
[2] Yarden Y, Sliwkowski. Untangling the ErbB signalling network. Nature Reviews 
2001;2:127-37. 
[3] Bargmann CI, Hung MC, Weinberg RA. Multiple independent activations of the neu 
oncogene by a point mutation altering the transmembrane domain of p185. Cell 
1986;45(5):649-57. 
[4] Yamamoto T, Ikawa S, Akiyama T, Nomura N, Miyajima N, Saito T, et al. Similarity of 
protein encoded by the human c-erb-B-2 gene to epidermal growth factor receptor. 
Nature 1986;319(6050):230-4. 
[5] Kraus MH, Issing W, Miki T, Popescu NC, Aaronson SA. Isolation and characterization 
of ERBB3, a third member of the ERBB/epidermal growth factor receptor family: 
evidence for overexpression in a subset of human mammary tumors. Proc Natl Acad Sci 
U S A 1989;86(23):9193-7. 
[6] Plowman GD, Culouscou JM, Whitney GS, Green JM, Carlton GW, Foy L, et al. Ligand-
specific activation of HER4/p180erbB4, a fourth member of the epidermal growth factor 
receptor family. Proc Natl Acad Sci U S A 1993;90(5):1746-50. 
[7] Coussens L, Yang-Feng TL, Liao YC, Chen E, Gray A, McGrath J, et al. Tyrosine kinase 
receptor with extensive homology to EGF receptor shares chromosomal location with 
neu oncogene. Science 1985;230(4730):1132-9. 
[8] Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of targeted inhibitors. 
Nat Rev Cancer 2005 May;5(5):341-54. 
[9] Mitsudomi T, Yatabe Y. Epidermal growth factor receptor in relation to tumor 
development: EGFR gene and cancer. FEBS J 2010 Jan;277(2):301-8. 
[10] Citri A, Yarden Y. EGF-ERBB signalling: towards the systems level. Nat Rev Mol Cell 
Biol 2006 Jul;7(7):505-16. 
[11] Burgess AW. EGFR family: structure physiology signalling and therapeutic targets. 
Growth Factors 2008 Oct;26(5):263-74. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 319 
[12] Hynes NE, MacDonald G. ErbB receptors and signaling pathways in cancer. Curr Opin 
Cell Biol 2009 Apr;21(2):177-84. 
[13] Rivera F, Vega-Villegas ME, Lopez-Brea MF, Marquez R. Current situation of 
panitumumab, matuzumab, nimotuzumab and zalutumumab. Acta Oncologica 
2008;47(1):9-19. 
[14] de Bono JS, Rowinsky EK. The ErbB receptor family: a therapeutic target for cancer. 
Trends in Molecular Medicine 2002;8(4):S19-S26. 
[15] Zandi R, Larsen AB, Andersen P, Stockhausen MT, Poulsen HS. Mechanisms for 
oncogenic activation of the epidermal growth factor receptor. Cell Signal 2007 
Oct;19(10):2013-23. 
[16] Carpenter G. Receptors for epidermal growth factor and other polypeptide mitogens. 
Annu Rev Biochem 1987;56:881-914:881-914. 
[17] Schlessinger J, Ullrich A. Growth factor signaling by receptor tyrosine kinases. Neuron 
1992;9(3):383-91. 
[18] Sorkin A, Goh LK. Endocytosis and intracellular trafficking of ErbBs. Exp Cell Res 2009 
Feb 15;315(4):683-96. 
[19] Di Fiore PP, Gill GN. Endocytosis and mitogenic signaling. Curr Opin Cell Biol 1999 
Aug;11(4):483-8. 
[20] Clague MJ, Urbe S. The interface of receptor trafficking and signalling. J Cell Sci 2001 
Sep;114(Pt 17):3075-81. 
[21] Grandal MV, Madshus IH. Epidermal growth factor receptor and cancer: control of 
oncogenic signalling by endocytosis. J Cell Mol Med 2008 Sep;12(5A):1527-34. 
[22] Murphy JE, Padilla BE, Hasdemir B, Cottrell GS, Bunnett NW. Endosomes: a legitimate 
platform for the signaling train. Proc Natl Acad Sci U S A 2009 Oct 20;106(42):17615-22. 
[23] Sadowski L, Pilecka I, Miaczynska M. Signaling from endosomes: location makes a 
difference. Exp Cell Res 2009 May 15;315(9):1601-9. 
[24] Pawson T. Protein modules and signalling networks. Nature 1995;373(6515):573-80. 
[25] Pawson T. New impressions of Src and Hck [news; comment]. Nature 
1997;385(6617):582-3, 585. 
[26] Olayioye MA, Beuvink I, Horsch K, Daly JM, Hynes NE. ErbB receptor-induced 
activation of stat transcription factors is mediated by Src tyrosine kinases. J Biol Chem 
1999 Jun 11;274(24):17209-18. 
[27] Pawson T. Specificity in signal transduction: from phosphotyrosine-SH2 domain 
interactions to complex cellular systems. Cell 2004 Jan 23;116(2):191-203. 
[28] Marmor MD, Skaria KB, Yarden Y. Signal transduction and oncogenesis by ErbB/HER 
receptors. Int J Radiat Oncol Biol Phys 2004 Mar 1;58(3):903-13. 
[29] Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell 2010 Jun 
25;141(7):1117-34. 
[30] Pearson G, Robinson F, Gibson TB, Xu BE, Karandikar M, Berman K, et al. Mitogen-
activated protein (MAP) kinase pathways: Regulation and physiological functions. 
Endocrine Reviews 2001 Apr;22(2):153-83. 
[31] Avruch J. MAP kinase pathways: The first twenty years. Biochimica et Biophysica Acta-
Molecular Cell Research 2007 Aug;1773(8):1150-60. 
 
Molecular Regulation of Endocytosis 320 
[32] Marshall CJ. MAP kinase kinase kinase, MAP kinase kinase and MAP kinase. Curr 
Opin Genet Dev 1994;4(1):82-9. 
[33] Marshall CJ. Cell signalling. Raf gets it together. Nature 1996 Sep 12;383(6596):127-8. 
[34] Roux PP, Blenis J. ERK and p38 MAPK-activated protein kinases: a family of protein 
kinases with diverse biological functions. Microbiol Mol Biol Rev 2004 Jun;68(2):320-44. 
[35] Kim HK, Kim JW, Zilberstein A, Margolis B, Kim JG, Schlessinger J, et al. PDGF 
stimulation of inositol phospholipid hydrolysis requires PLC-gamma 1 
phosphorylation on tyrosine residues 783 and 1254. Cell 1991;65(3):435-41. 
[36] Ronnstrand L, Mori S, Arridsson AK, Eriksson A, Wernstedt C, Hellman U, et al. 
Identification of two C-terminal autophosphorylation sites in the PDGF beta-receptor: 
involvement in the interaction with phospholipase C- gamma. EMBO J 
1992;11(11):3911-9. 
[37] Rotin D, Margolis B, Mohammadi M, Daly RJ, Daum G, Li N, et al. SH2 domains 
prevent tyrosine dephosphorylation of the EGF receptor: identification of Tyr992 as the 
high-affinity binding site for SH2 domains of phospholipase C gamma. EMBO J 
1992;11(2):559-67. 
[38] Jang IH, Lee S, Park JB, Kim JH, Lee CS, Hur EM, et al. The direct interaction of 
phospholipase C-gamma 1 with phospholipase D2 is important for epidermal growth 
factor signaling. J Biol Chem 2003 May 16;278(20):18184-90. 
[39] Wang Y, Wu J, Wang Z. Akt Binds to and Phosphorylates Phospholipase C-{gamma}1 
in Response to Epidermal Growth Factor. Mol Biol Cell 2006 May;17(5):2267-77. 
[40] Ye K, Aghdasi B, Luo HR, Moriarity JL, Wu FY, Hong JJ, et al. Phospholipase C gamma 
1 is a physiological guanine nucleotide exchange factor for the nuclear GTPase PIKE. 
Nature 2002 Jan 31;415(6871):541-4. 
[41] Choi JH, Park JB, Bae SS, Yun S, Kim HS, Hong WP, et al. Phospholipase C-gamma1 is a 
guanine nucleotide exchange factor for dynamin-1 and enhances dynamin-1-dependent 
epidermal growth factor receptor endocytosis. J Cell Sci 2004 Aug 1;117(Pt 17):3785-95. 
[42] Li S, Wang Q, Wang Y, Chen X, Wang Z. PLC-gamma1 and Rac1 coregulate EGF-
induced cytoskeleton remodeling and cell migration. Mol Endocrinol 2009 
Jun;23(6):901-13. 
[43] Wells A, Kassis J, Solava J, Turner T, Lauffenburger DA. Growth factor-induced cell 
motility in tumor invasion. Acta Oncol 2002;41(2):124-30. 
[44] Wang Z, Gluck S, Zhang L, Moran MF. Requirement for phospholipase C-gamma1 
enzymatic activity in growth factor-induced mitogenesis. Mol Cell Biol 1998 
Jan;18(1):590-7. 
[45] Downward J. Mechanisms and consequences of activation of protein kinase B/Akt. Curr 
Opin Cell Biol 1998 Apr;10(2):262-7. 
[46] Castellano E, Downward J. RAS Interaction with PI3K: More Than Just Another Effector 
Pathway. Genes Cancer 2011 Mar;2(3):261-74. 
[47] Burgering BM, Coffer PJ. Protein kinase B (c-Akt) in phosphatidylinositol-3-OH kinase 
signal transduction [see comments]. Nature 1995 Aug 17;376(6541):599-602. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 321 
[48] Okano J, Gaslightwala I, Birnbaum MJ, Rustgi AK, Nakagawa H. Akt/protein kinase B 
isoforms are differentially regulated by epidermal growth factor stimulation. J Biol 
Chem 2000 Oct 6;275(40):30934-42. 
[49] Quesnelle KM, Boehm AL, Grandis JR. STAT-mediated EGFR signaling in cancer. J Cell 
Biochem 2007 Oct 1;102(2):311-9. 
[50] Maa MC, Leu TH, McCarley DJ, Schatzman RC, Parsons SJ. Potentiation of epidermal 
growth factor receptor-mediated oncogenesis by c-Src: implications for the etiology of 
multiple human cancers. Proc Natl Acad Sci U S A 1995 Jul 18;92(15):6981-5. 
[51] Tice DA, Biscardi JS, Nickles AL, Parsons SJ. Mechanism of biological synergy between 
cellular Src and epidermal growth factor receptor. Proc Natl Acad Sci U S A 1999 Feb 
16;96(4):1415-20. 
[52] Egloff AM, Grandis JR. Targeting epidermal growth factor receptor and SRC pathways 
in head and neck cancer. Semin Oncol 2008 Jun;35(3):286-97. 
[53] Scaltriti M, Baselga J. The epidermal growth factor receptor pathway: a model for 
targeted therapy. Clin Cancer Res 2006 Sep 15;12(18):5268-72. 
[54] Lurje G, Lenz HJ. EGFR signaling and drug discovery. Oncology 2009;77(6):400-10. 
[55] Summy JM, Gallick GE. Treatment for advanced tumors: SRC reclaims center stage. 
Clin Cancer Res 2006 Mar 1;12(5):1398-401. 
[56] Yeatman TJ. A renaissance for SRC. Nat Rev Cancer 2004 Jun;4(6):470-80. 
[57] Leu TH, Maa MC. Functional implication of the interaction between EGF receptor and 
c-Src. Front Biosci 2003 Jan 1;8:s28-s38. 
[58] Goldstein JL, Brown MS, Anderson RG, Russell DW, Schneider WJ. Receptor-mediated 
endocytosis: concepts emerging from the LDL receptor system. Annu Rev Cell Biol 
1985;1:1-39:1-39. 
[59] Schmid EM, McMahon HT. Integrating molecular and network biology to decode 
endocytosis. Nature 2007 Aug 23;448(7156):883-8. 
[60] Kelly BT, McCoy AJ, Spate K, Miller SE, Evans PR, Honing S, et al. A structural 
explanation for the binding of endocytic dileucine motifs by the AP2 complex. Nature 
2008 Dec 18;456(7224):976-9. 
[61] Pryor PR, Jackson L, Gray SR, Edeling MA, Thompson A, Sanderson CM, et al. 
Molecular basis for the sorting of the SNARE VAMP7 into endocytic clathrin-coated 
vesicles by the ArfGAP Hrb. Cell 2008 Sep 5;134(5):817-27. 
[62] Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annu Rev Biochem 
2009;78:857-902. 
[63] Hansen CG, Nichols BJ. Molecular mechanisms of clathrin-independent endocytosis. J 
Cell Sci 2009 Jun 1;122(Pt 11):1713-21. 
[64] Kirchhausen T, Bonifacino JS, Riezman H. Linking cargo to vesicle formation: receptor 
tail interactions with coat proteins. Curr Opin Cell Biol 1997 Aug;9(4):488-95. 
[65] Mellman I. Endocytosis and molecular sorting. Annu Rev Cell Dev Biol 1996;12:575-
625:575-625. 
[66] Bonifacino JS, Dell'Angelica EC. Molecular bases for the recognition of tyrosine-based 
sorting signals. J Cell Biol 1999 May 31;145(5):923-6. 
 
Molecular Regulation of Endocytosis 322 
[67] Canfield WM, Johnson KF, Ye RD, Gregory W, Kornfeld S. Localization of the signal for 
rapid internalization of the bovine cation-independent mannose 6-phosphate/insulin-
like growth factor-II receptor to amino acids 24-29 of the cytoplasmic tail. J Biol Chem 
1991 Mar 25;266(9):5682-8. 
[68] Chen WJ, Goldstein JL, Brown MS. NPXY, a sequence often found in cytoplasmic tails, 
is required for coated pit-mediated internalization of the low density lipoprotein 
receptor. J Biol Chem 1990 Feb 25;265(6):3116-23. 
[69] Paccaud JP, Reith W, Johansson B, Magnusson KE, Mach B, Carpentier JL. Clathrin-
coated pit-mediated receptor internalization. Role of internalization signals and 
receptor mobility. J Biol Chem 1993 Nov 5;268(31):23191-6. 
[70] Hsu D, Knudson PE, Zapf A, Rolband GC, Olefsky JM. NPXY motif in the insulin-like 
growth factor-I receptor is required for efficient ligand-mediated receptor 
internalization and biological signaling. Endocrinology 1994 Feb;134(2):744-50. 
[71] Vignoud L, Albiges-Rizo C, Frachet P, Block MR. NPXY motifs control the recruitment 
of the alpha5beta1 integrin in focal adhesions independently of the association of talin 
with the beta1 chain. J Cell Sci 1997 Jun;110(Pt 12):1421-30. 
[72] Lazarovits J, Roth M. A single amino acid change in the cytoplasmic domain allows the 
influenza virus hemagglutinin to be endocytosed through coated pits. Cell 1988 Jun 
3;53(5):743-52. 
[73] Lobel P, Fujimoto K, Ye RD, Griffiths G, Kornfeld S. Mutations in the cytoplasmic 
domain of the 275 kd mannose 6-phosphate receptor differentially alter lysosomal 
enzyme sorting and endocytosis. Cell 1989 Jun 2;57(5):787-96. 
[74] McGraw TE, Maxfield FR. Human transferrin receptor internalization is partially 
dependent upon an aromatic amino acid on the cytoplasmic domain. Cell Regul 1990 
Mar;1(4):369-77. 
[75] Collawn JF, Stangel M, Kuhn LA, Esekogwu V, Jing SQ, Trowbridge IS, et al. 
Transferrin receptor internalization sequence YXRF implicates a tight turn as the 
structural recognition motif for endocytosis. Cell 1990 Nov 30;63(5):1061-72. 
[76] Alvarez E, Girones N, Davis RJ. A point mutation in the cytoplasmic domain of the 
transferrin receptor inhibits endocytosis. Biochem J 1990 Apr 1;267(1):31-5. 
[77] Breitfeld PP, Casanova JE, McKinnon WC, Mostov KE. Deletions in the cytoplasmic 
domain of the polymeric immunoglobulin receptor differentially affect endocytotic rate 
and postendocytotic traffic. J Biol Chem 1990 Aug 15;265(23):13750-7. 
[78] Bonifacino JS, Traub LM. Signals for sorting of transmembrane proteins to endosomes 
and lysosomes. Annu Rev Biochem 2003;72:395-447. Epub;%2003 Mar 06.:395-447. 
[79] Jadot M, Canfield WM, Gregory W, Kornfeld S. Characterization of the signal for rapid 
internalization of the bovine mannose 6-phosphate/insulin-like growth factor-II 
receptor. J Biol Chem 1992 Jun 5;267(16):11069-77. 
[80] Ohno H, Stewart J, Fournier MC, Bosshart H, Rhee I, Miyatake S, et al. Interaction of 
tyrosine-based sorting signals with clathrin-associated proteins. Science 1995 Sep 
29;269(5232):1872-5. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 323 
[81] Ohno H, Fournier MC, Poy G, Bonifacino JS. Structural determinants of interaction of 
tyrosine-based sorting signals with the adaptor medium chains. J Biol Chem 1996 Nov 
15;271(46):29009-15. 
[82] Ohno H, Aguilar RC, Yeh D, Taura D, Saito T, Bonifacino JS. The medium subunits of 
adaptor complexes recognize distinct but overlapping sets of tyrosine-based sorting 
signals. J Biol Chem 1998 Oct 2;273(40):25915-21. 
[83] Nesterov A, Carter RE, Sorkina T, Gill GN, Sorkin A. Inhibition of the receptor-binding 
function of clathrin adaptor protein AP-2 by dominant-negative mutant mu2 subunit 
and its effects on endocytosis. EMBO J 1999 May 4;18(9):2489-99. 
[84] Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem 1998;67:425-79. 
[85] Ben-Saadon R, Fajerman I, Ziv T, Hellman U, Schwartz AL, Ciechanover A. The tumor 
suppressor protein p16(INK4a) and the human papillomavirus oncoprotein-58 E7 are 
naturally occurring lysine-less proteins that are degraded by the ubiquitin system. 
Direct evidence for ubiquitination at the N-terminal residue. J Biol Chem 2004 Oct 
1;279(40):41414-21. 
[86] Ciechanover A, Ben-Saadon R. N-terminal ubiquitination: more protein substrates join 
in. Trends Cell Biol 2004 Mar;14(3):103-6. 
[87] Carpenter G, King L, Jr., Cohen S. Rapid enhancement of protein phosphorylation in A-
431 cell membrane preparations by epidermal growth factor. J Biol Chem 
1979;254(11):4884-91. 
[88] Sorkin A, Carpenter G. Interaction of activated EGF receptors with coated pit adaptins. 
Science 1993;261(5121):612-5. 
[89] Rothman JE. Mechanisms of intracellular protein transport. Nature 1994;372(6501):55-
63. 
[90] Valencia A, Chardin P, Wittinghofer A, Sander C. The ras protein family: evolutionary 
tree and role of conserved amino acids. Biochemistry 1991;30(19):4637-48. 
[91] Clark J, Moore L, Krasinskas A, Way J, Battey J, Tamkun J, et al. Selective amplification 
of additional members of the ADP- ribosylation factor (ARF) family: cloning of 
additional human and Drosophila ARF- like genes. Proc Natl Acad Sci U S A 
1993;90(19):8952-6. 
[92] Tsuchiya M, Price SR, Tsai SC, Moss J, Vaughan M. Molecular identification of ADP-
ribosylation factor mRNAs and their expression in mammalian cells. J Biol Chem 1991 
Feb 15;266(5):2772-7. 
[93] Trowbridge IS, Collawn JF, Hopkins CR. Signal-dependent membrane protein 
trafficking in the endocytic pathway. Annu Rev Cell Biol 1993;9:129-61:129-61. 
[94] Chen WS, Lazar CS, Poenie M, Tsien RY, Gill GN, Rosenfeld MG. Requirement for 
intrinsic protein tyrosine kinase in the immediate and late actions of the EGF receptor. 
Nature 1987;328(6133):820-3. 
[95] Glenney JR, Jr., Chen WS, Lazar CS, Walton GM, Zokas LM, Rosenfeld MG, et al. 
Ligand-induced endocytosis of the EGF receptor is blocked by mutational inactivation 
and by microinjection of anti- phosphotyrosine antibodies. Cell 1988;52(5):675-84. 
 
Molecular Regulation of Endocytosis 324 
[96] Felder S, Miller K, Moehren G, Ullrich A, Schlessinger J, Hopkins CR. Kinase activity 
controls the sorting of the epidermal growth factor receptor within the multivesicular 
body. Cell 1990;61(4):623-34. 
[97] Felder S, LaVin J, Ullrich A, Schlessinger J. Kinetics of binding, endocytosis, and 
recycling of EGF receptor mutants. J Cell Biol 1992;117(1):203-12. 
[98] Lamaze C, Schmid SL. Recruitment of epidermal growth factor receptors into coated 
pits requires their activated tyrosine kinase. J Cell Biol 1995 Apr;129(1):47-54. 
[99] Wilde A, Beattie EC, Lem L, Riethof DA, Liu SH, Mobley WC, et al. EGF receptor 
signaling stimulates SRC kinase phosphorylation of clathrin, influencing clathrin 
redistribution and EGF uptake. Cell 1999 Mar 5;96(5):677-87. 
[100] Confalonieri S, Salcini AE, Puri C, Tacchetti C, Di Fiore PP. Tyrosine phosphorylation 
of Eps15 is required for ligand-regulated, but not constitutive, endocytosis. J Cell Biol 
2000 Aug 21;150(4):905-12. 
[101] Sorkina T, Huang F, Beguinot L, Sorkin A. Effect of tyrosine kinase inhibitors on 
clathrin-coated pit recruitment and internalization of epidermal growth factor receptor. 
J Biol Chem 2002 Jul 26;277(30):27433-41. 
[102] Schmidt MH, Furnari FB, Cavenee WK, Bogler O. Epidermal growth factor receptor 
signaling intensity determines intracellular protein interactions, ubiquitination, and 
internalization. Proc Natl Acad Sci U S A 2003 May 27;100(11):6505-10. 
[103] Wang Y, Pennock S, Chen X, Wang Z. Endosomal signaling of epidermal growth 
factor receptor stimulates signal transduction pathways leading to cell survival. Mol 
Cell Biol 2002 Oct;22(20):7279-90. 
[104] Wang Y, Pennock S, Chen X, Wang Z. Internalization of inactive EGF receptor into 
endosomes and the subsequent activation of endosome-associated EGF receptors. 
Epidermal growth factor. Sci STKE 2002 Dec 3;2002(161):L17. 
[105] Wang Q, Villeneuve G, Wang Z. Control of epidermal growth factor receptor 
endocytosis by receptor dimerization, rather than receptor kinase activation. EMBO Rep 
2005 Oct;6(10):942-8. 
[106] Wang Q, Zhu F, Wang Z. Identification of EGF Receptor C-terminal Sequences 1005-
1017 and Di-leucine Motif 1010LL1011 as Essential in EGF Receptor Endocytosis. Exp Cell 
Res 2007;313:3349-63. 
[107] Liu L, Shi H, Chen X, Wang Z. Regulation of EGF-stimulated EGF receptor 
endocytosis during M phase. Traffic 2011 Feb;12(2):201-17. 
[108] Schlessinger J. Ligand-induced, receptor-mediated dimerization and activation of EGF 
receptor. Cell 2002 Sep;%20;110(6):669-72. 
[109] Jaramillo ML, Leon Z, Grothe S, Paul-Roc B, Abulrob A, O'Connor MM. Effect of the 
anti-receptor ligand-blocking 225 monoclonal antibody on EGF receptor endocytosis 
and sorting. Exp Cell Res 2006 Sep 10;312(15):2778-90. 
[110] Chang CP, Lazar CS, Walsh BJ, Komuro M, Collawn JF, Kuhn LA, et al. Ligand-
induced internalization of the epidermal growth factor receptor is mediated by multiple 
endocytic codes analogous to the tyrosine motif found in constitutively internalized 
receptors. J Biol Chem 1993;268(26):19312-20. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 325 
[111] Decker SJ, Alexander C, Habib T. Epidermal growth factor (EGF)-stimulated tyrosine 
phosphorylation and EGF receptor degradation in cells expressing EGF receptors 
truncated at residue 973. J Biol Chem 1992;267(2):1104-8. 
[112] Sorkin A, Helin K, Waters CM, Carpenter G, Beguinot L. Multiple 
autophosphorylation sites of the epidermal growth factor receptor are essential for 
receptor kinase activity and internalization. Contrasting significance of tyrosine 992 in 
the native and truncated receptors. J Biol Chem 1992;267(12):8672-8. 
[113] Nesterov A, Wiley HS, Gill GN. Ligand-induced endocytosis of epidermal growth 
factor receptors that are defective in binding adaptor proteins. Proc Natl Acad Sci U S A 
1995;92(19):8719-23. 
[114] Sorkin A, Mazzotti M, Sorkina T, Scotto L, Beguinot L. Epidermal growth factor 
receptor interaction with clathrin adaptors is mediated by the Tyr974-containing 
internalization motif. J Biol Chem 1996 Jun 7;271(23):13377-84. 
[115] Kurten RC, Cadena DL, Gill GN. Enhanced degradation of EGF receptors by a sorting 
nexin, SNX1. Science 1996;272(5264):1008-10. 
[116] Kil SJ, Hobert M, Carlin C. A leucine-based determinant in the epidermal growth 
factor receptor juxtamembrane domain is required for the efficient transport of ligand-
receptor complexes to lysosomes. J Biol Chem 1999 Jan 29;274(5):3141-50. 
[117] Tsacoumangos A, Kil SJ, Ma L, Sonnichsen FD, Carlin C. A novel dileucine lysosomal-
sorting-signal mediates intracellular EGF-receptor retention independently of protein 
ubiquitylation. J Cell Sci 2005 Sep 1;118(Pt 17):3959-71. 
[118] Huang F, Jiang X, Sorkin A. Tyrosine phosphorylation of the beta2 subunit of clathrin 
adaptor complex AP-2 reveals the role of a di-leucine motif in the epidermal growth 
factor receptor trafficking. J Biol Chem 2003 Oct 31;278(44):43411-7. 
[119] Jiang X, Huang F, Marusyk A, Sorkin A. Grb2 regulates internalization of EGF 
receptors through clathrin-coated pits. Mol Biol Cell 2003 Mar;14(3):858-70. 
[120] Wang Z, Moran MF. Requirement for the adapter protein GRB2 in EGF receptor 
endocytosis. Science 1996;272(5270):1935-9. 
[121] Johannessen LE, Pedersen NM, Pedersen KW, Madshus IH, Stang E. Activation of the 
epidermal growth factor (EGF) receptor induces formation of EGF receptor- and Grb2-
containing clathrin-coated pits. Mol Cell Biol 2006 Jan;26(2):389-401. 
[122] Huang F, Sorkin A. Growth factor receptor binding protein 2-mediated recruitment of 
the RING domain of Cbl to the epidermal growth factor receptor is essential and 
sufficient to support receptor endocytosis. Mol Biol Cell 2005 Mar;16(3):1268-81. 
[123] Barbieri MA, Kong C, Chen PI, Horazdovsky BF, Stahl PD. The SRC homology 2 
domain of Rin1 mediates its binding to the epidermal growth factor receptor and 
regulates receptor endocytosis. J Biol Chem 2003 Aug 22;278(34):32027-36. 
[124] Huang F, Khvorova A, Marshall W, Sorkin A. Analysis of clathrin-mediated 
endocytosis of epidermal growth factor receptor by RNA interference. J Biol Chem 2004 
Apr 16;279(16):16657-61. 
[125] Shen Y, Xu L, Foster DA. Role for phospholipase D in receptor-mediated endocytosis. 
Mol Cell Biol 2001 Jan;21(2):595-602. 
 
Molecular Regulation of Endocytosis 326 
[126] van Bergen en Henegouwen PM. Eps15: a multifunctional adaptor protein regulating 
intracellular trafficking. Cell Commun Signal 2009;7:24. 
[127] Huang F, Goh LK, Sorkin A. EGF receptor ubiquitination is not necessary for its 
internalization. Proc Natl Acad Sci U S A 2007 Oct 23;104(43):16904-9. 
[128] Pennock S, Wang Z. A tale of two Cbls: interplay of c-Cbl and Cbl-b in epidermal 
growth factor receptor downregulation. Mol Cell Biol 2008 May;28(9):3020-37. 
[129] Joly M, Kazlauskas A, Fay FS, Corvera S. Disruption of PDGF receptor trafficking by 
mutation of its PI-3 kinase binding sites. Science 1994;263(5147):684-7. 
[130] Joly M, Kazlauskas A, Corvera S. Phosphatidylinositol 3-kinase activity is required at a 
postendocytic step in platelet-derived growth factor receptor trafficking. J Biol Chem 
1995;270(22):13225-30. 
[131] Shpetner H, Joly M, Hartley D, Corvera S. Potential sites of PI-3 kinase function in the 
endocytic pathway revealed by the PI-3 kinase inhibitor, wortmannin. J Cell Biol 
1996;132(4):595-605. 
[132] Chen X, Wang Z. Regulation of intracellular trafficking of the EGF receptor by Rab5 in 
the absence of phosphatidylinositol 3-kinase activity. EMBO rep 2001 Jan ;2 (1 ):68 -74 
2001;2(1):68-74. 
[133] Kirkham M, Parton RG. Clathrin-independent endocytosis: new insights into caveolae 
and non-caveolar lipid raft carriers. Biochim Biophys Acta 2005 Dec 30;1746(3):349-63. 
[134] Mayor S, Pagano RE. Pathways of clathrin-independent endocytosis. Nat Rev Mol Cell 
Biol 2007 Aug;8(8):603-12. 
[135] Orth JD, Krueger EW, Weller SG, McNiven MA. A novel endocytic mechanism of 
epidermal growth factor receptor sequestration and internalization. Cancer Res 2006 
Apr 1;66(7):3603-10. 
[136] Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti C, Transidico P, et al. Clathrin-
independent endocytosis of ubiquitinated cargos. Proc Natl Acad Sci U S A 2005 Feb 
22;102(8):2760-5. 
[137] Dobrowolski R, De Robertis EM. Endocytic control of growth factor signalling: 
multivesicular bodies as signalling organelles. Nat Rev Mol Cell Biol 2012 Jan;13(1):53-
60. 
[138] McKanna JA, Haigler HT, Cohen S. Hormone receptor topology and dynamics: 
morphological analysis using ferritin-labeled epidermal growth factor. Proc Natl Acad 
Sci U S A 1979 Nov;76(11):5689-93. 
[139] Roepstorff K, Grovdal L, Grandal M, Lerdrup M, van DB. Endocytic downregulation 
of ErbB receptors: mechanisms and relevance in cancer. Histochem Cell Biol 2008 
May;129(5):563-78. 
[140] Garcia dP, I, Adams GP, Sundareshan P, Wong AJ, Testa JR, Bigner DD, et al. 
Expression of mutated epidermal growth factor receptor by non-small cell lung 
carcinomas. Cancer Res 1993 Jul 15;53(14):3217-20. 
[141] Ge H, Gong X, Tang CK. Evidence of high incidence of EGFRvIII expression and 
coexpression with EGFR in human invasive breast cancer by laser capture 
microdissection and immunohistochemical analysis. Int J Cancer 2002 Mar 20;98(3):357-
61. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 327 
[142] Moscatello DK, Holgado-Madruga M, Emlet DR, Montgomery RB, Wong AJ. 
Constitutive activation of phosphatidylinositol 3-kinase by a naturally occurring 
mutant epidermal growth factor receptor. J Biol Chem 1998 Jan 2;273(1):200-6. 
[143] Okamoto I, Kenyon LC, Emlet DR, Mori T, Sasaki J, Hirosako S, et al. Expression of 
constitutively activated EGFRvIII in non-small cell lung cancer. Cancer Sci 2003 
Jan;94(1):50-6. 
[144] Olapade-Olaopa EO, Moscatello DK, MacKay EH, Horsburgh T, Sandhu DP, Terry TR, 
et al. Evidence for the differential expression of a variant EGF receptor protein in 
human prostate cancer. Br J Cancer 2000 Jan;82(1):186-94. 
[145] Sugawa N, Yamamoto K, Ueda S, Morita N, Kita M, Nishino H, et al. Function of 
aberrant EGFR in malignant gliomas. Brain Tumor Pathol 1998;15(1):53-7. 
[146] Kuan CT, Wikstrand CJ, Bigner DD. EGF mutant receptor vIII as a molecular target in 
cancer therapy. Endocr Relat Cancer 2001 Jun;8(2):83-96. 
[147] Antonyak MA, Moscatello DK, Wong AJ. Constitutive activation of c-Jun N-terminal 
kinase by a mutant epidermal growth factor receptor. J Biol Chem 1998 Jan 
30;273(5):2817-22. 
[148] Batra SK, Castelino-Prabhu S, Wikstrand CJ, Zhu X, Humphrey PA, Friedman HS, et 
al. Epidermal growth factor ligand-independent, unregulated, cell-transforming 
potential of a naturally occurring human mutant EGFRvIII gene. Cell Growth Differ 
1995 Oct;6(10):1251-9. 
[149] Nagane M, Coufal F, Lin H, Bogler O, Cavenee WK, Huang HJ. A common mutant 
epidermal growth factor receptor confers enhanced tumorigenicity on human 
glioblastoma cells by increasing proliferation and reducing apoptosis. Cancer Res 1996 
Nov 1;56(21):5079-86. 
[150] Nishikawa R, Ji XD, Harmon RC, Lazar CS, Gill GN, Cavenee WK, et al. A mutant 
epidermal growth factor receptor common in human glioma confers enhanced 
tumorigenicity. Proc Natl Acad Sci U S A 1994 Aug 2;91(16):7727-31. 
[151] Pedersen MW, Pedersen N, Ottesen LH, Poulsen HS. Differential response to gefitinib 
of cells expressing normal EGFR and the mutant EGFRvIII. Br J Cancer 2005 Oct 
17;93(8):915-23. 
[152] Tang CK, Gong XQ, Moscatello DK, Wong AJ, Lippman ME. Epidermal growth factor 
receptor vIII enhances tumorigenicity in human breast cancer. Cancer Res 2000 Jun 
1;60(11):3081-7. 
[153] Han W, Zhang T, Yu H, Foulke JG, Tang CK. Hypophosphorylation of residue Y1045 
leads to defective downregulation of EGFRvIII. Cancer Biol Ther 2006 Oct;5(10):1361-8. 
[154] Austin CD, De Maziere AM, Pisacane PI, van Dijk SM, Eigenbrot C, Sliwkowski MX, 
et al. Endocytosis and sorting of ErbB2 and the site of action of cancer therapeutics 
trastuzumab and geldanamycin. Mol Biol Cell 2004 Dec;15(12):5268-82. 
[155] Baulida J, Kraus MH, Alimandi M, Di Fiore PP, Carpenter G. All ErbB receptors other 
than the epidermal growth factor receptor are endocytosis impaired. J Biol Chem 
1996;271(9):5251-7. 
[156] Hommelgaard AM, Lerdrup M, van DB. Association with membrane protrusions 
makes ErbB2 an internalization-resistant receptor. Mol Biol Cell 2004 Apr;15(4):1557-67. 
 
Molecular Regulation of Endocytosis 328 
[157] Longva KE, Pedersen NM, Haslekas C, Stang E, Madshus IH. Herceptin-induced 
inhibition of ErbB2 signaling involves reduced phosphorylation of Akt but not 
endocytic down-regulation of ErbB2. Int J Cancer 2005 Sep 1;116(3):359-67. 
[158] Wang Z, Zhang L, Yeung TK, Chen X. Endocytosis deficiency of epidermal growth 
factor (EGF) receptor-ErbB2 heterodimers in response to EGF stimulation. Mol Biol Cell 
1999 May;10(5):1621-36. 
[159] Haglund K, Rusten TE, Stenmark H. Aberrant receptor signaling and trafficking as 
mechanisms in oncogenesis. Crit Rev Oncog 2007 Aug;13(1):39-74. 
[160] Friedman LM, Rinon A, Schechter B, Lyass L, Lavi S, Bacus SS, et al. Synergistic down-
regulation of receptor tyrosine kinases by combinations of mAbs: implications for 
cancer immunotherapy. Proc Natl Acad Sci U S A 2005 Feb 8;102(6):1915-20. 
[161] Fendly BM, Kotts C, Vetterlein D, Lewis GD, Winget M, Carver ME, et al. The 
extracellular domain of HER2/neu is a potential immunogen for active specific 
immunotherapy of breast cancer. J Biol Response Mod 1990 Oct;9(5):449-55. 
[162] Lewis GD, Figari I, Fendly B, Wong WL, Carter P, Gorman C, et al. Differential 
responses of human tumor cell lines to anti-p185HER2 monoclonal antibodies. Cancer 
Immunol Immunother 1993 Sep;37(4):255-63. 
[163] Hudis CA. Current status and future directions in breast cancer therapy. Clin Breast 
Cancer 2003 Nov;4 Suppl 2:S70-S75. 
[164] Menard S, Pupa SM, Campiglio M, Tagliabue E. Biologic and therapeutic role of HER2 
in cancer. Oncogene 2003 Sep 29;22(42):6570-8. 
[165] Rubin I, Yarden Y. The basic biology of HER2. Ann Oncol 2001;12 Suppl 1:S3-S8. 
[166] Ben-Kasus T, Schechter B, Lavi S, Yarden Y, Sela M. Persistent elimination of ErbB-
2/HER2-overexpressing tumors using combinations of monoclonal antibodies: 
relevance of receptor endocytosis. Proc Natl Acad Sci U S A 2009 Mar 3;106(9):3294-9. 
[167] Astsaturov I, Cohen RB, Harari P. EGFR-targeting monoclonal antibodies in head and 
neck cancer. Curr Cancer Drug Targets 2007 Nov;7(7):650-65. 
[168] Sunada H, Magun BE, Mendelsohn J, MacLeod CL. Monoclonal antibody against 
epidermal growth factor receptor is internalized without stimulating receptor 
phosphorylation. Proc Natl Acad Sci U S A 1986 Jun;83(11):3825-9. 
[169] Hayashi T, Sakamoto S. Radioimmunoassay of human epidermal growth factor--hEGF 
levels in human body fluids. J Pharmacobiodyn 1988 Mar;11(3):146-51. 
[170] Mullin JM. Epithelial barriers, compartmentation, and cancer. Sci STKE 2004 Jan 
20;2004(216):e2. 
[171] Salomon DS, Normanno N, Ciardiello F, Brandt R, Shoyab M, Todaro GJ. The role of 
amphiregulin in breast cancer. Breast Cancer Res Treat 1995;33(2):103-14. 
[172] Orlichenko L, Huang B, Krueger E, McNiven MA. Epithelial growth factor-induced 
phosphorylation of caveolin 1 at tyrosine 14 stimulates caveolae formation in epithelial 
cells. J Biol Chem 2006 Feb 24;281(8):4570-9. 
[173] Sigismund S, Argenzio E, Tosoni D, Cavallaro E, Polo S, Di Fiore PP. Clathrin-
mediated internalization is essential for sustained EGFR signaling but dispensable for 
degradation. Dev Cell 2008 Aug;15(2):209-19. 
Mutual Regulation of Receptor-Mediated Cell Signalling  
and Endocytosis: EGF Receptor System as an Example 329 
[174] Di Guglielmo GM, Le RC, Goodfellow AF, Wrana JL. Distinct endocytic pathways 
regulate TGF-beta receptor signalling and turnover. Nat Cell Biol 2003 May;5(5):410-21. 
[175] Cohen S, Fava RA. Internalization of functional epidermal growth factor: 
receptor/kinase complexes in A-431 cells. J Biol Chem 1985;260(22):12351-8. 
[176] Kay DG, Lai WH, Uchihashi M, Khan MN, Posner BI, Bergeron JJ. Epidermal growth 
factor receptor kinase translocation and activation in vivo. J Biol Chem 
1986;261(18):8473-80. 
[177] Lai WH, Cameron PH, Doherty JJ2, Posner BI, Bergeron JJ. Ligand-mediated 
autophosphorylation activity of the epidermal growth factor receptor during 
internalization. J Cell Biol 1989;109(6 Pt 1):2751-60. 
[178] Di Guglielmo GM, Baass PC, Ou WJ, Posner BI, Bergeron JJ. Compartmentalization of 
SHC, GRB2 and mSOS, and hyperphosphorylation of Raf-1 by EGF but not insulin in 
liver parenchyma. EMBO J 1994;13(18):4269-77. 
[179] Wang Z, Tung PS, Moran MF. Association of p120 ras GAP with endocytic 
components and colocalization with epidermal growth factor (EGF) receptor in 
response to EGF stimulation. Cell Growth Differ 1996;7(1):123-33. 
[180] Fukazawa T, Miyake S, Band V, Band H. Tyrosine phosphorylation of Cbl upon 
epidermal growth factor (EGF) stimulation and its association with EGF receptor and 
downstream signaling proteins. J Biol Chem 1996;271(24):14554-9. 
[181] Levkowitz G, Waterman H, Zamir E, Kam Z, Oved S, Langdon WY, et al. c-Cbl/Sli-1 
regulates endocytic sorting and ubiquitination of the epidermal growth factor receptor. 
Genes Dev 1998 Dec 1;12(23):3663-74. 
[182] Haugh JM, Huang AC, Wiley HS, Wells A, Lauffenburger DA. Internalized epidermal 
growth factor receptors participate in the activation of p21(ras) in fibroblasts. J Biol 
Chem 1999 Nov 26;274(48):34350-60. 
[183] Kuruvilla R, Ye H, Ginty DD. Spatially and functionally distinct roles of the PI3-K 
effector pathway during NGF signaling in sympathetic neurons. Neuron 2000 
Sep;27(3):499-512. 
[184] Burke P, Schooler K, Wiley HS. Regulation of epidermal growth factor receptor 
signaling by endocytosis and intracellular trafficking. Mol Biol Cell 2001 Jun;12(6):1897-
910. 
[185] Slepnev VI, De Camilli P. Accessory factors in clathrin-dependent synaptic vesicle 
endocytosis. Nat Rev Neurosci 2000 Dec;1(3):161-72. 
[186] Miller WE, Lefkowitz RJ. Expanding roles for beta-arrestins as scaffolds and adapters 
in GPCR signaling and trafficking. Curr Opin Cell Biol 2001 Apr;13(2):139-45. 
[187] Vieira AV, Lamaze C, Schmid SL. Control of EGF receptor signaling by clathrin-
mediated endocytosis. Science 1996;274(5295):2086-9. 
[188] Ahn S, Maudsley S, Luttrell LM, Lefkowitz RJ, Daaka Y. Src-mediated tyrosine 
phosphorylation of dynamin is required for beta2-adrenergic receptor internalization 
and mitogen-activated protein kinase signaling. J Biol Chem 1999 Jan 15;274(3):1185-8. 
[189] Maudsley S, Pierce KL, Zamah AM, Miller WE, Ahn S, Daaka Y, et al. The beta(2)-
adrenergic receptor mediates extracellular signal-regulated kinase activation via 
 
Molecular Regulation of Endocytosis 330 
assembly of a multi-receptor complex with the epidermal growth factor receptor. J Biol 
Chem 2000 Mar 31 ;275 (13 ):9572 -80 2000;275(13):9572-80. 
[190] Wong ES, Fong CW, Lim J, Yusoff P, Low BC, Langdon WY, et al. Sprouty2 attenuates 
epidermal growth factor receptor ubiquitylation and endocytosis, and consequently 
enhances Ras/ERK signalling. EMBO J 2002 Sep 16;21(18):4796-808. 
[191] Johannessen LE, Ringerike T, Molnes J, Madshus IH. Epidermal growth factor receptor 
efficiently activates mitogen-activated protein kinase in HeLa cells and Hep2 cells 
conditionally defective in clathrin-dependent endocytosis. Exp Cell Res 2000 Oct 
10;260(1):136-45. 
[192] Ceresa BP, Kao AW, Santeler SR, Pessin JE. Inhibition of clathrin-mediated 
endocytosis selectively attenuates specific insulin receptor signal transduction 
pathways. Mol Cell Biol 1998 Jul;18(7):3862-70. 
[193] Di Fiore PP, De Camilli P. Endocytosis and signaling. an inseparable partnership. Cell 
2001 Jul 13;106(1):1-4. 
[194] Wiley HS, Burke PM. Regulation of receptor tyrosine kinase signaling by endocytic 
trafficking. Traffic 2001 Jan;2(1):12-8. 
[195] Pennock S, Wang Z. Stimulation of cell proliferation by endosomal epidermal growth 
factor receptor as revealed through two distinct phases of signaling. Mol Cell Biol 2003 
Aug;23(16):5803-15. 
